Abstract. Glioblastoma multiforme (GBM) is the most aggressive form of brain tumor characterized by excessive angiogenesis. The dismal prognosis of patients with GBM warrants the development of new targeting therapies based on novel molecular markers. The EphA2 receptor tyrosine kinase plays a pivotal role in tumor angiogenesis and an increased expression in glioma patients has recently been reported. In this study, we investigated the expression of EphA2 in human normal brain, primary and recurrent GBM and correlated it with clinical pathological parameters and patient's outcome. In addition, intratumor microvascular density was quantified by immunostaining for the endothelial cell marker, von Willebrand factor. A different intensity of the membranous and cytoplastic expression of EphA2 was observed in the 40 primary and recurrent samples of GBM analyzed but not in the normal brain. A high level expression of EphA2 was demonstrated in 24 (60%) of the primary and recurrent GBM analyzed. The increased expression of the EphA2 protein was significantly associated with the adverse outcome of GBM patients (p<0.01 for overall survival). The data presented in this study define the expression pattern of EphA2 in both primary and recurrent glioblastoma and suggest an important role of EphA2 in the pathogenesis of GBM. The EphA2 may be used as a surrogate marker to screen patients for tyrosine kinase inhibitor therapy.
Introduction
Gliomas of astrocytic, oligodendroglial and ependymal origins represent more than 70% of all primary brain tumors (1) . Primary tumors of brain account for around 2% of primary tumors but are responsible for 7% of the years of life lost to cancer before the age of 70. The incidence of brain tumors worldwide is about 7 in 100,000 per year (2) . Glioblastoma multiforme (GBM), the most devastating type of glioma, is the most common primary brain tumor in adults and represents a significant source of cancer-related death. Glioblastoma usually recurs independently of the type of treatment(s) viz surgical resection of the tumor followed by radiation and/or chemotherapy (2) . The poor prognosis of patients with GBM (median survival ranging from 9 to 12 months, 5-year survival rate close to 0%) mandates the exploration of novel molecular mechanisms that may contribute to the pathogenesis of this disease and its resistance to therapy with the purpose of therapeutic targeting (2, 3) .
The Eph receptors (erythropoietin-producing human hepatocellular carcinoma) have been intensely studied since their discovery nearly two decades ago. Eph receptor tyrosine kinases (RTK) represent the largest family of protein-tyrosine kinases consisting of 16 members. Eph receptors and their corresponding ephrin ligands are classified into an A and B subfamily based on the distinct structural properties of the ephrin ligands (4, 5) . EphrinA ligands are glycosylphosphatidylinositol (GPI)-anchored peripheral membrane molecules. In contrast, ephrinB ligands are transmembrane molecules whose cytoplasmic domain is capable of engaging in various signaling activities (4) . In contrast to other RTKs, where the ligand functions as a soluble molecule, these Eph-RTKs are unique in that their ligands are attached to the cell membrane and therefore interaction necessitates direct cell to cell contact (3) . Moreover, these RTKs have the ability to induce both forward and reverse (bi-directional) signaling between adjacent interacting cells (5) . Most of the Eph receptors bind to their specific ephrin ligands, even though some ephrins seem to be promiscuous, interacting with more than one receptor (6) . Eph receptor signaling has been implicated in many biological processes such as axon guidance and fasciculation, tissue border formation, neuronal targeting and angiogenesis during embryonic development (7, 8) . Recent studies demonstrated that Ephs and ephrins are frequently overexpressed in a variety of cancers and tumor cell lines (4, 5) .
Various studies have identified the involvement of the Eph-RTKs in several pathogenetic processes in the nervous system. EphB2 and ephrinB2 signaling was found to participate in the glial scarring process after a spinal cord trauma (9) . The phosphorylation ratio of R-Ras was closely linked to the phosphorylation ratio of EphB2 in glioblastoma tissues (10) . Additionally, the phosphorylation ratio of EphB2 was identified as an important mechanism that mediates glioma cell migration and invasion (11) . Ephrin B2 and EphB4 were found to be overexpressed by endothelial cells of human malignant gliomas (12) . EphrinB3 was demonstrated as an important factor regulating glioma cell invasion through Rac1 (13) . The EphA2 protein was overexpressed in the GBM and anaplastic astrocytoma tissues and was identified as a novel target for the development of glioma vaccines (14) . Recently, it was also demonstrated that the EphA2 receptor is highly overexpressed in GBM in comparison to normal brain tissue and possesses important oncogenic properties (15) . Although several previous reports implicated EphA2 in glioma pathogenesis (14) (15) (16) , its prognostic value for primary and recurrent GBM has not yet to be demonstrated. In the present study, we investigated the immunohistochemical expression of EphA2 and identified this receptor as a new potential diagnostic and prognostic marker for further Eph/ephrin-targeted molecular cancer therapy in GBM when correlated with clinical pathological parameters and tumor vascularity. The association of the tumor microvessel density (MVD) with several clinical pathological parameters and overall survival was also investigated.
Materials and methods
Forty samples of 32 patients with histologically-confirmed GBM, WHO grade IV, (26 primary GBM and 14 recurrent GBMs, including eight pairs of the same patients) and 10 normal brain samples were obtained from the University Hospital of Marburg, Germany. Their usage was approved by the Ethics Committee of the Philipps-University Marburg and all patients gave their informed consent prior to surgery. The patients underwent surgery and received postoperative radiation therapy and combined chemotherapy with ACNU and VM-26. The first follow-up occurred 6 weeks after therapy was completed. Subsequent follow-ups were scheduled every three months. In addition to the clinical investigations and monitoring of the indices of recurrence, a radiological examination was undertaken to detect possible relapses. Disease progression was defined (according to WHO criteria) by either an increase of at least 25% in tumor size or any new tumor identified by CT or MRI scan (2) . Normal brains which included the cortex and white matter, without any evidence of brain tumor or other brain disease, five cases of male and five cases of female (age ranging from 27 to 70 years, average 48.6 years) were obtained from autopsy cases.
Immunohistochemistry. Immunohistochemical studies were performed on formalin-fixed, paraffin-embedded tissue. Sample slides were passed through a sequence of Roti-histol (Carl Roth, Karlsruhe, Germany) and graded alcohol and then rinsed in phosphate-buffered saline (PBS). After rinsing with PBS, the slides were treated with 3% hydrogen peroxide in PBS for 15 min at room temperature in order to eliminate endogenous peroxidase activity. Subsequently, the slides were treated with 5% blocking serum for 1 h. Following this, the slides were incubated overnight at 4˚C with a rabbit antihuman EphA2 polyclonal antibody (1:100 dilution; Santa Cruz Biotechonology, Heidelberg, Germany), or rabbit antihuman Factor VIII (von Willebrand factor, vWF) polyclonal antibody (1:400 dilution; Dako Cytomation, Carpinteria, CA). In the negative controls, the primary antibody was replaced with 1x PBS. The signal was enhanced by using biotinylated polyclonal goat anti-rabbit IgG for 30 min and incubated with streptavidin-HRP (Dako Cytomation) for 30 min. The colour was developed after a 5 min incubation with 3,3-diaminobenzidine (DAB) solution and the sections were weakly counterstained with hematoxylin for 10 sec.
Evaluation of EphA2 expression. The membranous and cytoplasmic expression of EphA2 on tumor cells was assessed at a x400 magnification. The assigned score first reflected the staining intensity A (0, negative; 1, weak; 2, moderate; 3, high) and second the percentage of positive cells B (0, no positive cells; 1, <25% positive cells; 2, 25 to 50% positive cells; 3, >50% positive cells). An overall score of 3 was defined as positive staining. The score of the EphA2 expression was scored using a scale between 0 and 3 (negative, low, moderate and high, respectively). The scoring was performed separately by two independent observers who were not informed about the clinical data. Any discrepancies in the scores were resolved on the conference microscope.
Evaluation of MVD at the 'hot spot' of tumor angiogenesis.
Tumor angiogenesis can be reflected by MVD in the most vascularised areas of tumor tissue. MVD, as highlighted by factor VIII-related antigen immunostaining, was assessed without knowledge of the patient clinical outcome, as described by Weidner et al (17) . Briefly, each slide was scanned at low magnification (x100) to identify the four areas with the highest density of microvessel (hot-spots). Each hot-spot was then evaluated at high power magnification (x200) for the number of stained microvessels per field in a 0.7386 mm 2 surface area. vWF-positive stained blood vessels with a complete lumen as well as cell clusters without luminae were considered as individual microvessels. The final microvessel score was the average of the vessel counts from the four fields assessed by a high power magnification field (x200).
Statistical analysis. Survival curves were estimated using the Kaplan-Meier method. The distributions of survival were compared using the log-rank test. The Chi-square test was employed to determine the association between EphA2 expression intensity on tumor and epithelial cells and MVD. A p-value <0.05 was considered to be statistically significant. All statistical analyses were performed using SPSS software.
Results
Thirty-two patients with histologically-confirmed primary and recurrent GBM and WHO grade IV were studied. The mean age at diagnosis was 54.3 years (range 31-71). No significant difference in age distribution between males (21 cases) and females (11 cases) was determined. All 32 patients showed a relapse between 1 and 22 months after surgery and subsequently died of the disease (median survival 15 months).
The EphA2 immunoreactivity was observed in the membranes and cytoplasm of tumor cells as well as tumorassociated endothelial cells (Fig. 1A and B) , but not in the 10 normal brain tissues analyzed. Furthermore, an increased expression of EphA2 was found in the high vascular bed tumor areas as well as in the endothelial cells around the tumor areas. Of the 40 GBM analyzed, all tumors showed positive staining for the EpA2 protein of different intensities. A strong expression of EphA2 was observed in 24 (60%) of the GBM. The median MVD served as a cutpoint for the 30 vessels. A high MVD was noted in those areas where the overexpression of EphA2 was marked ( Fig. 1C and D) . However, there was no significant correlation between the expression of EphA2 and MVD (p>0.05, Table I ). Additionally, no significant correlation was detected between the expression levels of EphA2 or MVD and Table I . The EphA2 expression and intratumor microvessel density in 40 specimens of 32 primary and recurrent GBM. Low  11  9  ns  High  5  15   Tumor status  Primary  8  18  ns  Recurrent  8 
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ns, not significant; MVD, microvessel density.
- ------------------------------------------------ clinical pathological parameters such as age and gender (Table II) . Of the eight GBM with the primary and recurrent samples analyzed, an increased expression of EphA2 has been detected in 3 recurrent tumors (score: high expression) as compared to primary tumors (score: low or moderate expression, Fig. 1E and F) . However, no statistically significant difference of the EphA2 expression was obtained between the primary and recurrent GBM (Table I) .
The EphA2 protein expression showed an inverse correlation with the overall survival of GBM patients. Patients with a low/moderate expression of EphA2 (score <3) revealed a median survival of 18 months as compared to 12 months for patients with a high EphA2 expression (score 3, p=0.004). No association was noted between recurrence-free survival and EphA2 immunoreactivity (p>0.05, Fig. 2 ). There was no correlation between MVD, recurrence-free and overall survival (p>0.05, data not shown).
Discussion
Accumulating evidence indicates that a high expression of EphA2 has been associated with an increased potential for tumorigenicity, tumor growth and metastasis (4-6). The oncogenic functions of EphA2 can contribute to multiple aspects of the malignant character and were found to correlate with tumor stage and tumor progression (18, 19) . The expression of EphA2 has been studied in various types of cancers, including prostate, lung, esophageal, melanoma, ovarian, cervical, breast, gastric and colorectal (20) (21) (22) (23) (24) (25) (26) (27) (28) . Furthermore, the overexpression of EphA2 in esophageal, melanoma, ovarian and cervical cancers has been found to be strongly linked to cancer progression and metastasis and associated with the adverse clinical outcome of patients (22) (23) (24) (25) 28) . However, the functions and roles of EphA2 in brain tumor genesis had not been intensively studied previously. In the present study, we demonstrated the EphA2 immunoreactivity in both primary and recurrent GBM and a high level of EphA2 expression acted as a predictor for the unfavorable outcome of patients. These findings are in line with two recent studies on the expression and functions of EphA2 in human gliomas. Hatano et al found a restricted expression of EphA2 in 9 primary GBM (16). Using Table II . Relationship between the EphA2 expression or microvessel density and clinicopathological features of 32 patients with GBM. genome-wide screening, Liu et al identified that the overexpression of EphA2, as a mitogen, is associated with the inverse survival of the 21 primary GBM analyzed (15) . In contrast, one additional functional study demonstrated an increased expression of EphA2 in 90% of 14 GBM and the inhibitory effect of EphA2 activation on the anchorageindependent growth and invasiveness of GBM cells (14) . This reported discrepancy may reflect on the diverse functions of EphA2 under different conditions (5, 6) . The present data are consistent with the fact that a positive correlation is emerging between the levels of expression of EphA2 and the observed degree of various malignant tumors (22) (23) (24) . EphA2 seems to be functionally important in GBM cells and thus may play an important role in GBM pathogenesis as well (14, 15) .
The process of angiogenesis plays a central role in local tumor growth and the development of distant metastases by facilitating the entry of cells into the circulation (19, (30) (31) (32) . Recently, rapidly accumulating evidence has suggested a critical role of Eph/ephrin signaling in angiogenesis (29) . In addition to the vascular endothelial growth factor (VEGF) and Tie2 receptors, which have long been recognized as key angiogenic receptor tyrosine kinases, Eph receptors have now been identified as pivotal regulators of angiogenesis (30, 31) . EphA2 is an essential regulator of endothelial cell assembly and migration in post-natal angiogenesis and EphA2-deficient endothelial cells fail to assemble in vivo when transplanted into recipient mice (32) . Notably, the expression of EphA2 was not reported in normal adult vasculature but seems to be widely up-regulated during tumor-associated angiogenesis (19, 32) . In light of these reports, EphA2 may have a role both within the tumor cell and in the surrounding tumor microenvironment. In the current study, we found an increased expression of EphA2 in high vascular bed tumor areas as well as in the endothelial cells around tumor areas. Tumor angiogenesis can be measured histologically by MVD, which has been shown to be an independent parameter for malignant characteristics and prognosis of various types of cancers including gliomas (33) (34) (35) . However, other studies suggested that the quantification of MVD has a limited prognostic value in GMB because of exuberant neovascularization in GBM (36, 37) . We agreed with the latter observations and could not illustrate a statistically significant correlation between the expression of EphA2 and MVD index.
The EphA2 receptor is a key determinant of malignant behavior in several different tumor types. The treatment of EphA2-Fc soluble receptors inhibits tumor angiogenesis and VEGF-dependent multi-stage carcinogenesis (32, 38, 39) . The internalization of the receptor with an agonist-antibody has been shown to decrease tumor volume and vascular density (41) . The targeting of EphA2 by siRNA in pancreatic adenocarcinoma cells suppressed the invasion and migration of tumor cells and their formation in vivo (41) as well as tumor invasiveness (42, 43) . Blocking the EphA2 receptor using an agonistic antibody reduced angiogenesis and tumor growth in an orthotopic ovarian cancer mouse model (44) . Taken together, EphA2 may be a potential therapeutic target for anti-tumorigenic and anti-angiogenic therapies. The data in this study indicated that EphA2 may be a valuable candidate as a prognostic marker and a new targeted therapeutic assessment in primary and recurrent GBM. Additional experimental studies are necessary to unveil the biological pathway linking Eph/ephrins with tumor growth in cancer cells and tumor-associated vessels of GBM. Ultimately, the association of a strong EphA2 expression with the adverse outcome of GBM patients may lead to a novel screening test for tyrosine kinase inhibitor therapy.
